


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1984 


Reliability modeling of standby and 
emergency generating systems. 


Lynch, J. Michael 


http://ndl.handle.net/10945/19528 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 

D U DLEY research materials and institutional publications created by the NPS community. 

get Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS'‘s first 
KNOX appointed — and published — scholarly author. 


LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


%y rer Teh 
Later @ tr Ent Oct dito tee heaenn ym Se mapen winner senate a 
aie > Pino FAarte ent: Mea! . Mehee cisiremesiaartenst teria % 
a nition eho * ie. Su er + es fw BR MOM. Odahrary hear = 
7 o ° 4 a : ‘ any ft 
ue $ ‘yt CoC , BA Se § Ateper re aciniteceecesn re aaateabarch rissiaee setae plaprio) Acorproneea ae 
z : Yeh 8 wes ery ae Bas ated a re J rr ig es rr 9 rants meee Rom. 
vad we Jat Wi a's @ bh Sod Bs ree ok Acker es 2 ty ; $- Aims Resse, OM RL Oe Bing watey vies ae 
i Ss aA ThA ar Me 5 4 hg Snes aahtr Pam 9 § 8.5 we iris py Noirs o Pa tata tesa *Rocara ae 88 ty. > os siceocaee rare 
: : : - oo a 8 eugacs pt ae ) aihears , Stop Perens 2 $3 ce Wipe sarees ee vices aca coreloaiinrteara'e (etseaeaneem 
ss By 4 oe Help Bt a : 10) 9 CO m Qeare rs ade 
wo Ge r : or ty Wet 8. is Wr tery i 
Sa Se site savoir tes BE) Nn yeatade sa gee ais vvacanela she cea vedteten nanan Stree no SPLOON: Re Bevan 
“ae : ' : a tei a &P satus by “Vb wm, y Tarte y Qe A Hey, Ot te mB: py oa sie some bee ark hohner gent nee 
‘ nal Pew : y wy Mt hein te arene  @ &: pat Aa srarh ieee io ae Wal ee Lan aes Ne, & o CT a a rene ee * aera , 
Bis ; em FL te aaa ag id ee sal ae mee fetes SMS R Rthegen ake nig aise ene? Kot See an at shetae-Qemanse: eee, 
aie ' "0 ah ge hea aa ta Pista ad tala acy BG 649 Note 8, Re tytn OMY Kame. A Orn ve " GO me db ig SRDS: 0 OAAEE® DS @: eum snageee ne 
: . : RO OS Tih. MoM aye 6 a mere gers i "hana? 9 fee. by \ epic hoe a a seteethacats cee enbeste eee Pic 
. ite 1 . to ry ? “hy . oY “ aa thie - * & ae Ib ete er ort > Ton ‘ Tictsoun st paveiare Creytacc male 

an ly 5 pps ais aol rie en Mat Say 50 bie ia 2 ih ow Hi:8 iw é otal To acnarneiee elec ueriean geeei mia 
. tle als x - lo yh =a a ak Pes valle! ~~? Rat nae = Abad oF r ws BLD Pes "ed 0 te.ae bs MED. ets 8s: Tort dan anne Set 
: ee - i ; OF eAG/e oe Mat Ai We Be an tos ecm 












aneal Oe tie Se 
MEPL Rs Se Wy Day avert © eran ag 
et oy 2S ow. od 
© Mocalinen Ghsnce ye me inectrme ema ry y a Lm Om 0 uaa oat 
cae Wngtin 8: Oldé MDD eros erent Madee aR AM es Astcace, wri 











‘Sem ay 
. 


og “Secrtoe 
» 5 ma 





rhe @.. oe Ty At Te 


. - WAR AC9, DS 4ibs es 
2 2 ae Ae ee 0 a 
; . 7 aa" of 
a Ji 5 
t 





as 1 By ote 
: 4 





a9 
4 we te - ~ 

hw of MMA e nte’s ws) Mian Weta @, ; ni 4 7 9 1958 ty Ahan’ acm 
weed Mee Fe BS 4 fa demia® doe Qf cenit Rot > Be ne bee. @ aM sua, » “ 

OF eas VA ale « & an sl Madi oun vl. * A 5 Mua Mas: ’ . 

t “*. wtih: al eal vere eh PH 

+ Seah 6 Of tray a> es ae 

1 ‘ fot 

‘ - 

e cd a 





2 phe La) 
PEER fg NPR tntiy saad aee : ear 
















perigee rere 
Gite ot) 


a 
4 bra Le ie 
Mine ay ty Je fam aby ee eC 
5 wey sasardcaca’ mtbr ena ae vy, 8% 7: t iclgud > A 
» ae ha ‘a hyn eer tatan’ Mal OSE YET oO 
SR eat +. bse bna lr een S 
" oo) mh 80) He arte ee eR Actm as Ne eee 
, yee Te GEO NT OM Migs bra i, bre Pr sere 
wens Aer awalet, tee itt : imam Nia es, 
a a = f 
oa yaya? ab yy 
‘ SINAE, env ataleg ue : Nr SIAL EOD Od Vontngudys 
es “r 
= 1 Ni estat nc ence AMIN D ROAM Gls 5. 
Unn & ie ares MOOREA LA oe woh. by ane ending % 


Oe, eee 
nth) PS De he {A OOR SOC ee 
“4 : ihe 0d Oe & hehe ie ean tide pees a OAD in ms 9 “det ae 
. > wk + alm 
4 a int ey Paty Aor OMY ale g hots trey Abe NY Batre, Patsy ar Ss beg! Role eer age 
.  aeteine y MS he He: Niet rata t ® Abaf me nae ade GU ron es ry ch Nt Fe terane me 
. fr rr ts « tn. t= aera s ) TORY BrAehs he hs WGed wri ae 2a Mamas NY "we - x theres ole 
ae % Cal ' Ae Un etnies da ag cya eed a NE Me Umar * NA My, Woh Mma’ 2 Ce Ae © 
hs. nde 4. & Mate : tnd aoe St Se ee eat oe hee me s,) a pl me tk my 
3 Bett Re 83 1 Ede a, et? de Beng Poi}. aa hg io ets * sy etes poh “hate cela Ce Tybee! ¢. i 
‘ x Au re ngik wy ran @ ™ ace Ah M? Teratyt blo trap acer nninan Um af MS rg } 
. r Rd ae ere Ax “9-8 2! het A] AK ~ mate caren ye PA AAG. Son Miereh . a 
\ ats t yt is : Jalal px 4 2 h i . , ’ ‘ led re ae bd 
x re te a ~— tae m’« ar “i Dim. 9 aie ne MAGS Bade Qeye - by ovine bw eR Wine gato maary’ wy Ah ars ear ey irae et 
“Ye . P ' . Ni 4 8 Bed ks ware hey Bey Sat ark Soe hey Hee Non aang "3, $0 PA A Ad i hy 0 pay Tals & 820% ps meie  tae Whe Rie Reto ws seal. 
poe Ay = - nA Ait y Aged Vaiaig 2% 8 May ig Yew. 1s Oe Rete one, M4 ew Taead op Se jae gn De Reem 6 
1 Arats. ‘Oh Eie o Sesh t ere ots eR Seem y! BYR at mh at 
Od 42 Py Aim» ae & ™ toy ae 
849 Kibo tose) § ites ao \ RAs As ain: } ‘ 
as iy “aavenate pee Pome sya! granary Grae 8 Rtas wtb se 
a 






pataenes ae an 3, 
. mM EE h an. ane “—s 

‘ “later ewe WPI wei was aim, Ap Rant a ‘et hc Me et of) an bed Ae 
4 Pek Rr Uhhh A No lnm eragasy taeda BORON) wih 8. RO ete ny Me aa Yates each 
Meee Cale ne cr wi hf PER Fa LES Pep Se. wy nah ceria MEN Moraeata rete ae 

> le * le Tey Asay gy Oe or a te 849+ © wm beg ws 

Mee ato Wim « ee iey ay Mit A" Oi ite &. e pew Stee 

eae, i 9. bil he Ob UR male ay, ew5 9 =} ~<:qntie atiner paige Pagers 
. oe. ae at j 
“a? im 8) 





Sey 
MUR td ie, A BAe. e, 9, Ms HSL 
Chet tias im i owm Avatar get s) 

wee wp 4o.uy aig hteN os non eoaree + 
sae ee a VUwly Jem oie, 


Me I ney SMD 0) an os danas 

ote? hat sidrence oe Wetatteates et ae Mai 

“a TIM seine ody Rphsan be Pa sod Debi re gla... 

: ‘ as SB pee af Ray ee BD 

‘ a : ne sb R Neel me ike Bre aeatin. a! mars Brae: 
S e . > G3) t Bet "ad wel als ate minder : * Marcie as 4 SEN Pin na st en aeRetee? 
Re . ant ata Falh « ae YAS eee CATS nies a 
Sain ee Th ov Laake ot 





“SPs dey ea 





































tS Nene A ee 
Fess oh susan oad MetR ee aS eke agieenas 
e % “ty 
: . 2 Te Me) ok sg Hee ye Oty OLA with 6 siete Qu % ya aioe easy! resaea deaibinca Sarhateatiae eartede el dene pie 
rs ¢ ad ‘fad tf $414 2° tae! Sol ’ sm SER MAS Yo be Fun TEV Ae ay 2g Leer 
5 ea Se Niue vety wae? fad a lees WY ‘nine Haskoka unin agneaincas en 
i > ro Mata by J © D ear, Tp my Stal ie, Thode Ws eee yt ™ braid saa 

» 2 COIN ae lataty in Vs : ¥ 03 Deine BAY eh ant Pitesatstdu arate gee 7; : ites bored 

1s ofl Mes tl tei yintnra” of Rayele aro arinautans 
WRF -el a ory re Sha) molten taut > Y We 
» teh ua = teat 


- Fant depen T y! 4, Rd em lane! 
MO waster ued vials } Dearest ta tart conte eaeteee 
PATON 4, 







Worked went ‘hed a? a9 me wt atay 
Merwat ed tel Ck Tas afte an & Pind 84 A ya sult 
patie erste! Seat erating Wnts cranny. me olin ovate, eae re Red “eye lees 
a Nataa nts bape: HSE MiSs boat etacet! wan Toles SINT Se arnt PTE te ae dem, 
detytatgterary gi} Cet aba ea Aees y, neo ena a beatin 
ys Spotse ix er Std La 
* Sas of r 





Bea ea 
By a alot ety (A, 
eee cdi neulocane bad parses wir inane at fe x 
» z $4 ws B! vem y ony heey Tit wl a, Yi seaey ou Ste rahe TAM ; Bek eae 
J Sef "ys Pas 4nd SEP epee me Vem =. 
PX. Stargtare, ok wei Rime Aayehrn, “a ) kad ore ie Mt Lda, Sm ACa Roms 
a rane write ou Notwy aby me re id oe a chet, fveseeas. ee #5 Cat ds Weta pe be eke asa xs CER sertereirs <n 
“$945 my Sih? v MNF alk ante ta! ‘ tatet 9, Phe My. meinen 2a} Gif NAS tae RD has Pease tpt at ‘GLb ka. Ae ele 0 Re ain, my 
quts a fede We aM SM Uae ap oe Mint ot mM ROP ace n is Heads > Mybages tO re Bead tens EE an | Ribas cheat plore betel ng eee ae 
CNTR ee Meub M3790 sei M ALOE a, atm aN uy fry, pt nZal he Sle Ie oa MA tb Sent ainne rei TeS ; —s 
MI bf a Sry at Me: thy om May viv va em mw 0"g sft ; a Nhe eeavhtitesosapa Hebets) EAS 
tate 1° vote. LIM UST of aS Os waneiy Wi! 9S Fin $y, tin he Ma AP ag ae 
ue a ates efant nyt pth el iy Shae ntl Taso. at Ni ‘ ve 
ERO Ne wm Wale, be 
° 


Se 
a2 arctan wary ce Be erpliftad ae wears ates aa 
‘ Myasein SIO as snd aw an oe, vane acaba? are Fe dn Be wes ee Hee 
em OIA Ae, Mat | © hy ae ee, aan mene 


eH 
stare 
tes inhiwarnn gin wen bye hicks oh 
¢ Sere: nb te dese al Uusia: 
ee Criee eS Sin 
ase 



























- eee he He, J 
"e! “y ta " Tyeeay. % ara a vy 
hai gt “fe vt  indere 
"MED gyal, 

= - 


FT otm: ”, 





x PEG 
a he PET Maho Neos Ny Craton ee Ney 
‘ if om r om 
oy BRS Aas eee iinen Aen, Larayatase nine’ rpanchi 
we Oats, : Saf W985 R; 4 4 jh 
“ae aries ROI Nae oe mina ta) 
bade aoe oe eke 


rte 
45 wey ans 
Thnk 4 ‘yy pee = 
mart prae 


Yasue ay if 
Stet nS a) Wing te 

iy ee Mage ass >? ht pafeer 

™ . wt 

‘3 ale 

rs 


i: aa ee Soa wt 

ys wert = r » ES Fats 
ws ~ 

Iran IG 24 a wan 
¥e 4 =f =m 



























/¥ ; ‘ef 
‘ (MEME oS tatg: ran at Bt ee ba 
Sof aa: Syed ata s a hal, Paaty 
: AS fe 8 As etal s, 




























+ lie heat 
ad ee 
seca kee 

a , 
: fr : — Orage Zh. 
wot ta be : P x 
oe Soran et 2 4 pr a Fd 
are oe of oy ' £4 4 
, Oa if 73y pik. Ke a> i —e 
4 aS oa agate! ot 4 Pt A 
pa 8 ee yee inte af, Bey Sass . i. on 
ho cee iW eahi etd ey pet 
ae ett Wid eae Pag reine {0 P48 
ae 1 ay fot de ia Heyes ts 
Ped AI cue vila fog : ees as 
f. es “0. 39 Ue, a2 ie he ae io] press Aes 
Sa GES bk Sori Phat Peat toe Peete sae 
tu” a LPP a od af Cop Fal @.ghi oe e ee oa 
ne hy * SA. 2 Ss fake ate “ Me r F 
Oe ber We sefig Fs PPD Fether As 22 <4 
F > 4 z < i - 32°F ‘= 
* rt ee fy 
28 re ft 
ff fede rye f* 
ie et) te 
om -¥ fee. 
ey ely ae 






Poe 


Fy ‘Oa! 6 
Cet gt PAIR yg 
ef SAP weg oe 
tnd TAR yg A 
i 5 i al oY. 
n oo Sy ¢ oe a 
} S ccs ef ~ 
Sng wp ta F Lf ew 
{mh s = 3 Wen 
ae sig tae “ey PS bs Pre 
cl he Ba JOP ee it aay eee 
¢ iy a Pe ee 2 
. ¥; the. . (i? fa 
? 






K 
= 3 it { 
: . “ae 
’ . ye Cpe sae rote',5 ee 
ret Adi ee H ee 
Lie ~ f-0 @ 
pie sa ee, | 
+, ores S 
as wieowa ee 










Tyrie 









’ “a 
{ ’ Pree, 
a 
+ ft: TG 
PES esis 
Lae 







#1 rhe st 

3 - a 

“FE BAe fee 2 

Sey 

Pee 

#5 Tee, fe, 
Mien 

wn e fue Ad 

Hess i.e Beate ra pubs! 

VAI hey 1 yeas 


(Put ite File use 
A bf 90 dag ste ewe shdeye fief 
a as 


ete 
















. Ca bd 
Cal ot A thal Le ae 4 ORS - 
eer aie rity AoE eg le 
“4 1) et anetg eg  Bhugpitcs. tw ae ey ¢ 
a OS a om a « *”, 
FEE, ie Acne”, 


rie «Zp ey 
Sige, fg Cee ee 






















eu 2 By ren) oe? aYatch Pee w. 
sth hry whi gd hg is ienog Terie Edie a dere 
a CME in eres srry 


one Snr: 
PISO a if a f+ Lele 2 ne, 
e 


v7 de be YT #9 ae 
reel ati 0 te Aye Pisass gee ‘ a CtS ote 
o. Oe ft tay oo ve 


otf w Site 
nae LPPer est « 4 





Regt fade 
at ve re * 
































at a | 
in 
aad Pep be a 
dat yokes a 
re 4 Cicer atthe Fi ea a a #7 
7) wil at a eel Lak ae. ae ead aunt P. 3eN (oe! ra 
fo? Orel e et Pare ge spe Hgts 20 se Ny ye Peete Ree af ge to git onenghatargt SU 
CAI Le a ae Ferg te Ry Fryers f 8 FN F vivend gent te fe ag Kae nee Aled pe 1 oF dwiyee § waereee. 
Vets 6 bho Flor bir, we 1 ee HP | pate Me? CHEE te wlohe gE oe SH: we es. ot at ot oe 1 pl 
GMC rh eon 2 he Sine - ern ean e stots 79 sere ge 
! ©.4e"y A Veen’ 
F fede sae , ee a are 
, Z ” ee ” “ ug 
a eRe 2 presi! 1 ity ae 
eae e 


stig 
# 97m wehala: - 

‘ y r é ee 

Sl 4 he ze “" “5 CGS 


< a aoe 
wee : ave! PEELS - of, OPO maa 
Nore iy ie Taney EtS me af 







































































a Oee 
PP 9 920 & 34 et 
F gitetite Sete was ate oul, RS ,0 40 seve 
wis See To es het wat Fruty 
° Asean? ngs ag pA fete “Ch Fe einige § oe EW &, atop 
oy, ve PanoTe eer ¢ re aie yrds, eae i eer caeees 
33 '’ Sania inn pee af ope 9! 4 rd Mig >. of ae 
ie . y ope vi ‘ egan Pig Arse sios . e * are 
' ott *, ‘ory A /f wey wi Pay reyes a okt 4 igs ah : 2 met? renee b be Pt tt rs peers 
* Jar i ee Cy od TT feae y ai ‘ 8 ee eal “8 ats P Sestee gates ores ve 
Z “ iy id,/ fs t dist 18 a dete PbO Pky geniees 5 mie 40 teh Seed ded a heal age aegerong baste a 
ae WP Hr want reer ads ae v rr orks FY Cin eprpenegy 4 ou, ° ayes wpe ang PP sepa sww¥agt “Pe 
ba 1 fh Eber, Vee tata Ne eee wea oF tours - Seereere “ La rtrae ferien wear g’, TS Fw 00 2. 
f Fo 8 ty vos rye PY 04 igh ye i i, FG H iyi ge oy de ey) 2 P ONE HY Bg suas PA te wh ws 
Re FT ple, ‘ey oe Aree nate ‘ wpe ito Ap Fe trenyge ih Sok dad al hanno 
‘ i es uf dove wre: « ry a P, 
a 4 s, lp BAS, wf nal crates ane a ® wel: Wiha 4 Rete te eine aoe 
2 FF SFI p ase y ee a5 5056 gee MU XEW pe 4 Ben reo os bs at ’ 29 ye He ae ities s 
‘vega of ¥ by ” ee rire ese PEED prertas pe atest ane a 
i Mor «© ry see Creo 16 Pe A Wr tf i? o Pe san? bey foge Pee gts res ote ot bei-ys mite toy fretpcye me Phas tet ae) ‘ 
bile ¢ H mids 0 ag ¥ vats ’ fi te, ows rye ae aaa! cer ey ¥ Pu WEEN Re tne, ene 4 pi Oey rh) Sere 
' een meet & i re Vee fpen ad) a Ye | f eeney et tiga WSBT peg eye pip TRG Ory 4 Free Pons 
a ar. ee bh Fj Sey Ve ve me. 98, Me 1395 . * ames Witenyegt sre vihwrwytely bes ny Pyrola te V9" ee siete 
‘ e + § Ti eu tes 6 Pa ree 8G {fort ss , ¢ ena CT Pee ey Or be Boye ys ete Por Pela Te pepe F 5 ” rH 
: ’ ’ ae ’ 67.P Ge ae t &, <f, 7% 8 io ety Pye ae ef Ue "54'S ei ave Pree Ae eg ete ne 
: * ban ine m4 Ae ee iti , Veer yt he fh jean WER Ad os Go bs eg 099! jeg deat § vatgwaigy pe a fi9' 
ea eh? Ue ACES Fee Pe URS Jol e ae od OA Te FE SF ashes ates a a8 a ‘ ‘ PEt an gs Fie 6d tem, gt beaei hal ; Spatial of ated 
% F i strana ee of og ¢ ods vw de rib y st mise a et gt yy’. wy ae apes - nse ving ne va if i eyes Be ’ #4 6895 pa gr ge Pee et te tae bee geqes 
‘ i ’ CC er er 5 uvthirg r eure fant rr 3 ake il oe wa ro | te a Pe Jus eats is : sige . Whee | ack sald egos 4 AY Ota H° one Baht pe 
¢ i r) oF cig ie rs ‘ Pity eee 7 te Rye read £ oils ei Bay vee ete ae ® wn i Bye Al ware ry pv itre ° Pett. eis Heiveteriat eta Le PGE de canglateh oO" ee 
ose ae aos ‘tade f wht wh je lea a8 si A eS meas yi da’, Fee CoS Uw ELAN Andy ites titanate RR AT RT Toes he # Ri py of bball 2 of I SOR 1 AS an & payee 
piel s\S oe) igerar aired on fa bone Tepe A Ue eres Shee mates A pp a ile sede. yrinsags ei ALN One tie p igs Bie p cae be tga tat oh ear hea hike ae 
5 oP, reir erode Pr Boeri tie yt | Ss ssconiy » tg ie pa eae’ Hee Peres Lm arscas Lt Te ID) b ed | "at as Yt ea sy ere ie Ht ded 240 T qarq ud eres Lg 
a2 Sant, 1 Ie , CU aed 6 & re ¥¢ sy ‘ of Ata Car one 2) pela: 8 te ets, PY vy te, "eae selae Oe wed Pea, ia wr pate! v ‘ Kivere F 682 ey gigs 
s ta nee er rere an ; aS ey ee ait eirnd Bate U Bee 4 DSO Sets Bi ye Me seiaitent Aereeys Pie OIE Bin gems 
- , 5 Re me ees A re? he pe 4 cy as i 5 rp it Tate t SPDR ae ps rrr “has Hees ns ty ee: Seats . Sere Eo (a f 
2 7; 5 at A | r ; oly FV t-te foe 5 ' Ky Pasting Get at" & Et ft : of AY r hie od Sesh a § “ ne yea Fite, ay te erae gs aad ge at of TS 
Fi > xe i ae uf. a ra ‘ t tom Y Meh eld Ae ee Sveriee Cfeises 2 eye TCR pat yay patna hades PPLS bwits guane 
oe ‘ g. vel tae eA LI ti : he it ers eos I se oat igeys fs Vibes ap 4 nee CAettir fae se tee ea eceaeitenee sveneniee rne ye Rafael 
vn Wt» . iv ite st 3 « 
e 4 ; , NT Ad a i ety ye ees dears: ‘ ritie i: eae want ais iA Pace codes ah FP oes v er ttehatirst eal me VRP inytpre ree! 
oe SAG tag 5 ie 17 0P Ww jer tet ae : 0 4%. oh AMA g Ih At vay rs] & fdeags aan Horny glenn snr edi 6 cre 
‘ - pd Par ott part ye at Pan ven mie fesea tome ep ih aie caee aN eat br Leavers PSA A Rig ee pg 
i a ‘ i B98 be ab sia ihe 9 Lord ft ih BPI FS Wize gig tere FR teres: EN eeepc ateh sal Tot ig Ws We 62918290049 pew ¢ 
y Bake eat ead at BHO let Sake rhe geht a ry mlasetl econ e Toe eripenltehrtere ee teres terri 
e , 7 "s Cr war geye re if Seta! hime 1" Bae Fee Fa Pd 22 Sty oa Weeaey eps, VAENOOS way omen ong 
Or iy: i rita Fivepay Fy ree He Z Nh Ret pic fe at eee shane oe ae gt en? tatdeonyee js 
‘9 éj a 2 h . it os) 8, eeu 
: an 4 hava na iretgty! So dk pip ne t Moan Ps eee ' , HApepe t (Pint deus a Reese yee wearers 
1 Oe ae | em ian Sete RMAC thE eee a Siete atten forte rctiaaet etn re pstet orm renee 
. a) ote LF pie td ry ee ay +) * J s ra vo 
sin axe or Bess ¥ Uae eat tie wy aitelse aedey y win rear Beit ur mecasary tpn tpl glk Wh Ld oh a) iN dewrastpeprerrete 
, ie GRtnne Sw, tel ote Larios pel Rene Sie ¢ ie se me tye recite bs eee nee yey rete aurey Vimo" a ge ge Wote 
rr ' my 4 a vin shar, hrnecien tte vane fied CEA Potune bepeen eng! EET Pena iat pees Apheket a et fie peur vpl 
a = Fry JONAS Ey ogy Geary ‘ Cth Sea dates ah " VED weg yp ee L pial $0. Seer pen. saorsey wesanu date tte reatet hee bee 
, é Be 8 "4 ge ¥ Age 8 eq) Rye Nise ene WO set arcs 490) Gow ora Sa Pe Sl a fer et gs ry 
fs nc Aut oes 0 ary. bees seu! eh be BP a at i Momsarite itr ttn OE 99h 040 GeeewAy Abn g- FE IN 020 oOo vn Neogavegy 
ear) “iy v pret AY th fe 3 Fe ee: ee tie 4 okahy sprees han feawe nts pane gueteeet page ey UP Pri thay fart “db ee 
; CUP PT he ee cy wal CUE STAY. 60 vos Pitalere tent en) Ne Hentevead sealer ir rth pel as wv pee eee eae Fo tatatperane’ 
i * 6s ere Gay ot 4 y iY tae Lz hg Vane 4yK, é HF 2 ¢ 
P ‘ ‘af y’ fay 8 "‘ es ea iy Wi'e i af 6 fF aah Gree ge Pk yes ote Cater huscpipe: HOP MOND gree * FE OMe ge pigs 
4 Mats! ae te Smeg” oye > doe 8 ae eb vee ne Pu : So he byes, ¥ peas EE Pad Wve caw en eee Dear a: 3 COL nlpipe 
: ’ ‘ he i LALLY ot es ae Co ee aot figee nag Ries wie semey LWNee VME ge sty an ™ Foss OF OT Gi 0p precy 
7 ¢ i t ’ # es ( dey Ro pid i rpity eles net RAS es PEN OF te Lt Eee To APE) SULT 
‘ j e tpeae ? by ¢ VO 8 ye ety Ps j wo Rs Mak i Hs iS sf Aah ph at gti eA i ad bead 
a & Lr a 1 pe PHO ar Ge Jen é, ey rhs Al * ; 
v t ne ae "1 whe i ? i i Le Or) 7 A sity . ee Soh Mrty Gong ye Joie ft a, BS ow 
oo. ; 4 Sate pt ag J ee f 4,0 efoms fie» wicacy a + PES he is 4 rat. we 
: i Fos Pa ee 4 tops tas 1 & srw, Mig 2 - PS ie jery mal ea 
p A é Py ey T° we ; “yf Ape Pay v8 es! rire 208} Neb: e Yin Hie A NTOnan f 
4 . aon ’ , ey 3 re i hers Ptivyeys oy ie oe CPs ine Hand 
e a ¥ ” <7 98 1 Sis Pare © ra bh oH bi Fuemala eek 8 ely, 
’ ‘ Veg * ’ ; ae] ‘ 55 a, “Biay fy yrs eI? KIT us sted dh ee 
a od a WA REET | 1H Feb peg Cae *. 
; ] r) s) + q { lie 3 
ave oy ry ‘ ] f 
‘ . © 


: oL 7 
25-60 











Reliability Modeling of Standby 
and Emergency Generating Systems 


A Report by 


J. Michael Lynch 


Submitted to 
Electrica! Engineering Department 


Texas A&M University 


in partial fulfillment of the requirements for the degree of 


Master of Engineering 


June 1984 


[Originally prepared as a report for EE 685] 


P25tsil 





Reliability Modeling of Standby 
and Emergency Generating Systems 


A Report by 


J. Michael Lynch 


Approved 


Chairman of Committee 


Member 


Member 


Head of Department 


Member 


Member 





ABSTRACT 


Engine-generator units for use in standby power systems are reviewed. 


Reliability models including state transition diagrams are developed 
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FO mple systems. Methods of reliability analysis are discussed and 
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of useful reliability measures is demonstrated. A computer 
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or the solution of reliability measures is inciuded. Example 
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systems studies are conacucted and results presented. 
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INTRODUCTION 

The inevitable failure of electrical power networks - due to factors 
even outside the system manager's control, such as events of nature and 
early wear out of components - dictates the necessity for stand-by and 
emergency power generation system to support cricical loads. Many factors 
can influence the requirements or specifications Tor such a system, but 
most stem from an evaluation of the user's needs. Such factors include 
whether or not life threatening or hazard/safety situations are involved, 
whether plant or property damage could occur, whether a significant Joss 
in revenue from operations could occur, the cost of back-up equipment, 
and the reliability of the normal] power source. This paper looks at 
the engine-driver generator system as an emergency or standby source 
and investigates a method for modeling the integrated/standby system 
for the purpose of obtaining useful reliability information. 

Discussion within the paper begins by looking at typical endine- 
generator systems, followed by a presentation of techniques for evaluating 
celiability measures on such systems. Reliability models and state transi- 
tion diagrams are then created for example engine-generator configurations. 
Finally, selected parameters within the models are varied in order to 
observe their effect upon the reliability indices and the results are 


presented... 


ENGINE-GENERATOR CONFIGURATION 

Reference [1] discusses many arrangements for emergency and standby 
generation systems. Several different types of energy conversion hard- 
ware are available including gas and diesel engines, gas and steam turbines, 


mechanical stored energy systems, and battery storage and uninterruptible 





power Supplies. A typical engine-generator configuration is shown here 
in Figure 1. The dotted lines show how the system can be expanded to 

a multi-engine configuration. there are many advantages to installing 
several units of lower capacity than a single large capacity unit. Be- 
sides the increased reliability, which shall be shown later, maintenance 
and repairs can be conducted without lcss of adequate backup, additional 
less critical loads can be supported in the event of power loss while 
providing the necessary degree of reliability for the critical toaas, 
peak load showing can be performed with extra generating capacity, and 
future expansion is facilitated by installation of similar units. Of 
course the advantages must be balanced against the costs of installing 

a more complex system as well as the length of time the generators might 
be expected to operate on a continuous basis - larger generators heing 
more suited to longer operating periods. 

Operation of the system in Figure 1 1s assumed to be fully auto- 
matic. when the normal source fai engines in tne system are automaticaily 
started. The first engine to reach operating voltage and frequency 
causes the emergency load to transfer to the generator. Other engines 
are paralled and switched on-line to share the load. If sufficient capa- 
city is available, other less critical loads can then also be transferred 
to the generators. In the event a generator should fail, appropriate 
load shedding automatically occurs. Regularaly scheduled inspections 
and preventive maintenance are assumed to take place. 

An important matter to bear in mind when considering the application 
of a standby/emergency system is to ensure loads are compatible with 
the monetary interruptions and transients associated with the transfer 


between power sources. Lighting and other resistive loads are highly 
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tolerant of breaks and large transients, whereas transients lasting on 
the order of micro-seconds could be disastrous to data processing and 
comunicaticns hardware -important information or critical program execu- 
tion and memory could be lost. Special consideration must also be given 


ted mocor control circuitry. 
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comageniy incuctive loads anc associ 


COMPONENT FAILURE MODES AND DATA COLLECTION 

Betore delving into reliability moaeis and measures, a brief dis- 
cussion on statistica! data coilection is in order. The coliection of 
information concerning equipment failures - the time of failure, time 
to repair, severity, and cause of failure, etc. - 1s the foundation upon 
which all quantitative reliability analysis rests. The statistics generated 
from this data in the form of mean durations, failure and repair rates, 
probabilities, etc. are the basic quantities used in the modeling process. 
Reference [2] presents several discussions which highlight the importance 
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and fledgling data reports and analysis systems. The engineer in the 
field plays a vital role in Supporting these systems by ensuring accurate 
and timely maintenance and repair data are reported. 

When adequate data bases are not available, more subjective techniques 
such as failure modes, effects, and criticality analysis must be employed. 
Significant system components are enumerated and the modes or manner 
in which the component's failure affects the system are listed. A Ssub- 
jective ordering of importance of this list in accordance with some appli- 
cable criteria (life-safety, endurance, cost, etc.) can be followed by 
non-parametric statistical techniques to provide rudimentary quantitative 


data. A listing of component failure modes can also be helpful in creating 
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the framework for a data collection and analysis system capable of 
providing accurate statistics for more complex quantitative reliability 
models; an example of this could be a model which distinguishes the dif- 
ference between long and short term failures, with respective frequencies, 
yielding reliability indices more accurate than results from a lumped 


average model. 


RELIABILITY EVALUATICN 
A. BASIC TERMS AND INTRODUCTION 

To effectively perform reliability studies, it is helpful for the 
analyst to possess a working knowledge of probability theory and portions 
of statistical methodology. Reference [3] provides a useful introduction 
to these topics and employs many examples directly applicable to power 
system studies. Given this background, a few additional terms and defi- 
nitions are required before an analysis can be undertaken. Reference 
[4] has compiled many of the commonly used reliability terms; pertinent 
trms and indices for this paper are presented here. 

Failure Rate - mean number of failures per unit exposure time of 
a component. 

Unavailability - the steady state probability that a system will 
be in a failed state or out of service for scheduled maintenance, etc. 
This is the long run fraction of time spent in the failed state. 

Frequency or System Failure - mean number of system failures per 
de aesne ss 

Mean Down Time - expected or long-term average duration of a single 


Favlure wae. 





Mean Cycle Time - expected time between successive failures. 


Mean Up Time - expected time of stay in the up state in one cycle. 


B. METHORS@OF SOLURION 
There are several well-established techniques for the solution 


cts 
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or system reliability indices. Chief amongst these are: network tech- 
nigues inclucing network reduction and the minimal cut set approéch, 

useTul when a system can be represented as a coilection of series and/or 
paraliel components; decomposition by conditional probability, a manner 

of reducing a complicated system into simple subsystems whose reliability 
indices can be figured separately and combined with.the remaining sub- 
systems; and the state space approach, in which a system can be represented 
by a collection of states, each of which completely describes the conditions 
under which the system 1S operating, e.g. components up, components down, 
the given environment, etc. The state space approach 1s considered ideal 
for the SOrution of the Stanaby/emergency genérator probdiem Since tne 
system states can be quickly enumerated and interdependencies associated 


with component failures or environmental transitions can be readily accomo- 


dated. 


C. STATE SPACE APPROACH 
Use of the state space approach for the solution of system relia- 
bility indices requires four primary steps as developed in Reference [5] 
and shown as follows: 
1. Identify all system states - typically, components can be 
operating or failed, or a particular environmental condition 


can be in effect. 





Determine interestate transition rates - the mean number of 
occurrences, per unit time, in which the system undergoes the 
change or transition represented between state i and state j. 
This Tigure is a key statistic obtained from the field data 
coiliection process. An important assumption made here, which 

ts necessary for the subsequent analysis, is that the lencth 

CT Stay in @ given state, considered to be a rancom variable, 
possess2s an exponential probability distribution. The prime 
consequence of which is that the interstate transition rates 

ane econo edie. 

Computer state probabilities - the probability of the system 

being in state i. Here, the concept of statistical independence 
comes into play. If a component is allowed to undergo any one 

of its possible transitions out of a given state without being 
influenced by the condition of the remaining components within 

the system, or the prevailing environment, then it is considered 
independent of the other components and the environment. When 

all components are independent, then the determination of the 

state probability becomes a simple matter of computing the product 
of the component probabilities for their respective conditions. 

If, however, there is statistical dependence amongst the compo- 
nents, @€.g. no other components may fail after one has failed, 

or upon the environment, then a set of simultaneous linear equations 
must be solved. This set of equations stems from the theory 

of continuous Markov processes (see Reference [3]); this is 


where the constant transition rate assumption is necessary. 





Reference [6] presents an efficient matrix algorithm for the 
computation of state probabilities for this situation: 


Bee C ( 
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nd 


B = matrix obtained from A by replacing all elements 
of an arbitrarily selected row K by 1; 


sad 
ou 


A = matrix of transition rates such that element 


aij = d31 and aii = St 


AP ie-weCmscantseransicion rate from state 1 to j; 
P = column vector of steady state system state probabilities; 


C = column vector with Kth element equal to 1 and other 
elements set to zero. 


Calculate reliability indices - Reference [6] provides convenient 
formulas for calculation of the most commonly used reliability 


neasures. 


(a) system unavailability - the summation of probabilities 


of the State representing system failure, 
Pe =) 2 Gal (2) 
1eF 


where Pe = probability of system failure, 


subset of failed states, 


pi = probability for state i; 


(b) frequency of system failure - 


PCT. iG (3) 
je(S-F) jeF 


> ne Cee (4) 
ieF je(S-F) 





where f = frequency of system failure, 


S = system state space; 


(c) mean cycle time - 


= en ees T 1) a 
] i =i 
(d) mean down time - the expected time of stay in F in one cycle 
is 
ae ees (6) 


duel = do (7) 


It should be noted that the above procedure for calculating the 
probabilities and indices was based on Steady-state analysis. Time 
dependent solution in the form of coupled differential equations is 
aisO possibie, aibeit more compiex, snouid transient anaiysis be required. 
As may have been observed, and experience bears out, the state space 
appraoch can become an unwieldly process for large interdependent systems. 
It proves, though,‘.to be an ideal technique for the standby/emergency 


generator problem. 


RELIABILITY MODELS FOR THE EMERGENCY/STANDBY GENERATOR SYSTEM 

The procedure for evaluating reliability measures will be demon- 
strated through the use of two separate models. Reference [6] developed 
a simplified reliability model for a combined normal and standby/emergency 
power source. The first model presented here 1s an expansion on that 
system. The second model used in this paper is developed for a dual 


generator standby configuration. Both of these models are based on 
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the engine generator configuration shown in Figure l. In addition, 
these models snall also account for a two-state weather environment. 
Ficures 2 and 3 are the state transition diagrams for these systems. 


In the diagrams, all the possible system states have been enumerated. 


m4 


2zch state represents the foilowing conditions: 


a) Normal source - 

NG = Normal Good 

NF = Normal Failed 
b) Standby generator(s) - 


1. single generator case 
SG = Standby Good 
SF = Standby Failed 


Distinction is also made as to whether the standby failed 
on start-up or subsequently while running under load. 


2. dual generator case 


G = generator(s) Quuu (eitier onevor both) 
FR = generator(s) Failed while Running 
FS = generator(s) Failed on Start-up 


c) Environment or weather state - 


Normal Weather 
Inclement (or Stormy) Weather 


Environment #1 
Environment #2 


| 


The interstate rates represented on the diagrams are as follows: 


Ap, up = Failure and repair rates for normal source 

AS = Failure of standby generator 

USS = repair rate of standby generator for start-up failure 

usr = repair rate of standby generator for running failure 
Wyo Wo] = transition rates between environments 


Unprimed rates denote values for normal weather state, primed rates 
denote values for inclement weather state. With the distinction of 
start and running failures, the probability of starting the standby 
source when needed must be accounted for by the coefficient a. The 
probability of a failure on start-up is the complementary coefficient: 


a= le ae 
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Some important assumptions must be mentioned regarding the state 
transition diagrams: 
1) The probability of two failures and/or repairs occuring simul- 
taneously is considered negligible. Hence, each interstate 


transition represents only @ single event. 


IND 
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Ali repairs are considered to be independent, i.e. if the normal 
and/or one or more generators have failed, repairs progress 
simultaneously and respond according to their respective 
transition rates. 

3) Generator fuel supplies are considered inexhaustible, thus 


laeoomenicinis nob counted as failure. 


Treatment of Two-State Environments 
References [5] and [7] discuss a method for evaluating reliability 
measures under fluctuating environments. The key to understa..aing this 
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tecnnigque 1S in recocnizZing the interaepencies Createa det 
of stay in an environment anu the component transition rates within 
that environment. The following relations can be used to obtain values 


for transition rates within a given environment. 


AV = ALN/(N+S)] + A" CS/(N+S)] (8) 
RS FONTS) = x (9) 
where 

“AAV = average failure rate 

X = failure rate within environment #1 

X' = failure rate within environment #2 

N = length of stay in environment #1 

S = length of stay in environment #2 

y = fraction of total number of failures occurring in 


environment #2 
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Equation (8) relates the average or equivalent failure rate (typically 
availabie from data collection activities) to the respective failure 
rates within each environment, each being multiplied by the fraction 

of time the system stays within that environment. Equation (9) is just 


<Ootal failures which occur 


(PD 
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a manner o7 representing the Tracti 
in environment #2. The transition rates between environments are found 


by inverting tne lengths os stay within the environments: 


— a Sage . ae 
‘a9 ling = Transition rate Trom environment one to two; 
ay is 

1 = o , ¢ cy 
Wo4 Tare = Transition rate from environment two to one. 


This assumes that the durations of the environments are exponentially 
distributed, thus allowing constant transition rates. For the standby 
aeneration system models develoned in this sectinn .it has also been 
assumed that the repair rates for all components are unaffected by the 
Tluctuating environment. 

It shouid be mentioned that tne above treatment of a two-state 
environment can be used for many different types of environments. Besides 
weather conditions, other environments such as variable corrosive conditions, 
dust conditions, or electromagnetic field conditions could also be con- 


sidered. 


EXAMPEE SistEM SPUDIES 

For the transition diagrams of Figures (2) and (3), reliability 
indices will be obtained by computer solution in a manner which allows 
variation of selected parameters (rates or probabilities) in order to 


observe their effects upon the system. 
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A. SAMPLE DATA 
The sample data used in Reference [6] for the engine-generator 
system will be used in these studies. For the normal source, the failure 


rate and mean down times are 


~ 
ae 
™ 
——~ 
I> 
< 
Ne 
{ft 


0.537/year 
MOT. = mean down time 


= 5.66 hours 


a : * _ s i _= 
Note: The recipr f MDT t ae tO lO. /0325/ year. 
NOCEe. ne SCs ocal o7 MDT, TS Up » cNus Up MDI 948./6325/vear. 


aa 


For each engine generator 


Xs (AV) = Q.00536/year 
MDT ¢ = 478 nours 
uSR = 18.33891/year 


From reference [5], typical values for the mean durations of each environ- 


ment are 


-> 
A ees 


200 hours 


HonweGe vec mnele FL s 


mean duration environment #2, S = 1.5 hours 
Thus , 

Wyo = 43.830/year 

Wo, = 5844. 0/year 


B. PARAMETER STUDIES AND PROGRAMMED SOLUTION 
The program used for solution of the sample systems is provided 
in the appendix. A series of four studies were conducted on both the 


single engine and dual engine . 





The series of tests were repeated for the generator systems in 
three separate environmental configurations. The three environmental 
configurations were: a) one state environment - no fiuctuating weather 
conditions considered; b) two-state weather environment with the fraction 


~ 
~~ 
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—t 


G 


ailures in the stormy state, x = 0.20; and c) two-state weather 
environment, xy = 0.80. he series of four studies included the fo! lowing: 


1) Fix ge equal to ye, and vary ao from 0.02 to 0.10; 


2) Fix ao equal to 0.61 and vary Hog FrOM Ucp tO 2ucp: 


Sere coccem ie Inviuhec= 0.05; 
4) Repeat (2) with a = 0.10. 
For the two-state environment configurations, the average failure rates 


were broken down as follows: 


= 0.20 = 0.80 _ 
Ae = 0.43282/yr Ap = 0,10821/yr 
dot = 14. 4274/yr ho: = 57.70960/yr 
hg = 0.00432/yr he = 0.00108/yr 
her = 0.14401/yr her =O / Vr 
C5 SMESUETS 


Results cf the system studies are presented in Tables 1-8. Each 
table contains the results of one of the generator systems in all 
three environmental situations. The following observations and conclu- 
sions can be drawn from these results. 
1. In the case of the single generator/single state system, with 
Log = Usp the results are identical to those obtained for the 


simplified engine-generator model of Reference [6]. 
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The most significant improvements seen in the reliability 
indices come as a result of introducing the redundancy of the 
dual generator system. Improvement over the single generator 
system appears, though, to be dependent upon the value of 

a AS q increases, the degree of improvement becomes less. 

o = 0.01 there is a factor of 100 improvement over the single 
engine system, while at 4 = 0.05 a factor of only 20 exists 
and at q = 0.10 a factor of only 10 exists. 

In all situtations, the indices are found to suffer as q is 
increased. For the single generator system, the increase in 
expected down time per year and failure frequency over the 
range of a iS approximately an order of magnitude, white tne- 
indices vary two order ot magnitude for the dual generator 
system. fhe variation for the dual generator system appears 
to be the square of the variation for the single generator 
system. 

The variation of Ugg Over its range resulted in only small 
effect°on the reliability indices for all configurations. 
Although slight, the change was noted always as an improvement 
in the indices as the value of Ugg increased. 

Introduction of the weather states also has only a limited 
effect on the indices. There is mixed results as to whether 
improvement on degradation of the indices occurs. It appears 
that a plays a role in defining a threshhold at which the 
two-state environments show improvement of the indices over 


the single state environment. For the single engine system, 
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improvement is noted for a > 0.01. For the dual generator 
system, improvement occurs for a > 0.05. The change in the 
value of x does not alter these trends, but does increase the 


magnitude of the difference. 


CONCLUSION 

This paper has discussed the engine-generator in the role of a 
standby/emergency power system. The state space approach for evaluating 
important reliability measures can be quickly and efficientiy applied 
to varied standby/emergency configurations. The results of such a quan- 
titative evaluation can assist in making cost vs. benefit decisions 
for an installation as well as making comparisons of generator systems. 
The example studies conducted in the paper demonstrates the tmproved 
reliability measures obtained by introducing redundancy into a standby 
conriguration, but another important aspect to consider is that oT the 
start-up failure probability. Results showed that a single engine system 
with high start-up probability stands to be as equally reliable as a 
dual generator configuration with lower start-up probability. Consideration 
of environmental conditions can also have an effect on reliability measures 


pUeeOneasitar more restricted scale. 
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TABER 1. SOLUTION OF RELIABILITY INDICES FGR SINGLE GENERATOR 


mu(ss) FIXED 9 18.53891, ALPHA VARIED 


CNE STATE ENVIRONMENT 
ren Ex®. DOVIN FAILURE MEAN MEAN MEAN 
PARAME.LEP TIME, “YEAR FRESUENCY CYCLE TIME DOWN TIME UP TIME 
ALPHA ( HOURS ) Vee Lar) ( VESRS } f SOUPS } ( YEARS } 
8.910080 2.636828 8.065574 181.05709 5.524 181.63645 
2.029062 0.861783 8.011042 99.5€0S5 =.592 90-559 70 
@ 2350860 Q.69262@ 9.916558 60.39455 5.594 60.39389 
9.942800 0.123455 U.Gs2070 45.31059 £.594 4£3.50956 
@.656000 Gilase7? @.92757S 36.28934 5.594 56.25070 
8.858968 8.125670 8.823985 30.22519 5.594 30.22456 
8.872000 O.c2eeoe 8.833588 25.91500 5.594 25.91437 
8.880000 9.246613 0.345087 22:68252 5.594 22.65165 
8.098000 0.297599 0.849584 29.16797 5.594 28.16734 
8.190000 8.338086 8.055077 18.15648 5.594 18.15585 
TWO-STATE ENVIRONMENT. x = 0.20 
Tesi EXP. DOWN FAILURE MEAN MEAN MEAN 
PARAMETER TIME /YEAR FREQUENCY CYCLE TIME DOWN TIME UP TIME 
ALPHA ( HOURS )} (1/YEAR) ( YEARS ) ( HOURS ) ( YEARS ) 
0.818090 8.038901 8.005524 181.02392 5.594 181.02328 
0.070008 @.061762 8.011641 98.579022 5.594 90.56958 
8.832082 8.892695 8.016555 60.40478 5.594 60.40414 
8.840000 0.123439 0.922065 45.9 1956 5.594 45.5187 9 
@ 05323880 O.154257 0. O67525 35.267 30 5.594 36.26666 
8.868980 6.185027 0.933077 SO 2a2e2 5.594 50-2 5lceG 
8.079999 2.215798 @.838578 25.92 127 5.594 25.92065 
0.88088 O.246s-4 8.844676 22.68795 5.594 22.00/05 
8.998006 Oi.2472ge 0.049571 Zevleote 5.394 20.17248 
o.t 000d ©.00S0Gs 0.355062 16.10420 5.554 16.to0050 
TWO-—STATE ENVIPCNMENT: x = 8.80 
TEST EXP. GOWN FAILURE MEAN MEAN MEAN 
PARAMETER TIME/YEAR FREQUENCY CYCLE TIME DOWN TIME UP TIME 
ALPHA { HOURS ) (U7 TEAR) ( YEARS ) { HOURS ) ( YEARS ) 
8.819080 8.036939 8.005531 180.80253 5.594 180.80199 
@ 820000 0.061668 @.811023 90.72011 5.594 90.71947 
8.936200 2.892362 0.016512 68.56347 5.594 BU. 90265 
8.049909 @.123046 8.921997 45.46082 5.594 45.46018 
8.058088 C.toa7I 8.827479 36.39142 5.594 36.39078 
8.868080 Q@.184558 9.932958 39.34191 5.594 390.34127 
8.070046 9.214936 @ 838433 26,91923 5.594 26.01859 
8.082006 8.245595 8.043905 22.77654 5.594 22.4450 1 
8.898080 8.276186 0.049374 20.725556 5.594 26.235255 
8.100069 @.366759 6.954839 14-23505 5.594 18.23441 











TABLE 2 SCLUTION OF RELIABILITY INDICES FOR DUAL GENERATOR 
mu(ss) = 18.32891. otpna VARIED 
ONE STATE ENVIRONMENT 
TSH EXF DOWN PALES = MEAN MEAN MEAN 
PASAMETES TIME. YEAR FREQUENCY CYCLE TIME DOWN TIME UP TIME 
eisne HOURS 5 pa yea YE&RS } HOUFS ) [ Years } 
6.819680 8.8@8312 OUBGES8 17364.452715 Sec 1736445150 
2.82004 Boles @Gasg25G 4346.24551 6.529 4246.24498 
8.e@s8692 6.282862 @.Ba5517 1S3S eeEe2 5c 9 1933.3a739 
@.a4g0a93 8.208 Ra79 8.880919 14@88.57174 S929 1988.57107 
.250689 8.987329 4.081454 6$7.29171 ie i, 697.291908 
6.368848 @.94114a8 P,8872G63 2$82.964456 ee al, 484.64393 
8.970808 Oe ts5 1D @.8028a6 356-56665 3.929 256.36680 
8.889890 9.820248 8.683662 Zaoui 2 Vo 5.529 275.07159 
8.898598 8.825685 8.884631 215.948652 5.329 215.93989 
8.180800 0.031584 8.805712 175:85676 5529 175.25615 
TWO—-STATE ENVIRONMENT: x = 9.20 
best EXP. DOWN FAILURE MEAN MEAN MEAN 
PARAMETER TIME /YEAR EREGUENCY Srclee jIMeE DOWN TIME UP TIME 
c!pha { HOURS ) (1/YEAR) ( YEARS ) { HOURS ) { YEARS ) 
€.0188G8 8.888319 8.060658 17354.35471 5.529 17354.35408 
8.828800 8.801272 8.000238 4345.27835 5.529 4545-27772 
8.836266 8.882860 6.800517 193357554 Soe 1933.35) 27 1 
8.948696 8.985879 8.880919 1988.53021 seo 1ebBS2956 
2.856609 9.80722S 8.001434 6S7.29223 Dede S 697.29168 
8.868009 3.011408 @.90¢62@63 4€4.65798 S229 484.65735 
8.978609 8.¢15514 8.282286 Roy shel oT) pa fos) Jd6.cesu6 
3.e¢8a6c9 8.820246 8.062562 2735.08956 5.22 275.88895 
8.358882 8.025663 8.@646351 2 hoe g 1.5 5.520 21o.95649 
e.*eecee ceases. Usecew we eee te) Sons reac) coe 
TWO-STATE ENVIRONMENT: x = 9.80 
TEST EXP. DOWN FAILURE MEAN MEAN MEAN 
PARAMETER TIME /YEAR FREQUENCY CYCLE TIME DOWN TIME UP TIME 
3lphe { HOURS ) (1/YEAR) ( YEARS ) ( HOURS ) ( YEARS ) 
8.3168988 8.098322 9.008058 17195.77563 Socom ts 195577500 
6.020806 6.081277 8.900231 4329.65876 5.5929 4379-65815 
8.830838 8.802855 0.820518 1939@.09230 5.529 1936.99767 
8.349090 @.9952883 8.808919 1087.880185 5.529 1887.80122 
6.858002 80.9807338 8.801434 GS7.256¢29 5.529 697.25566 
8.862068 9.811484 @.882065 484.84096 a-525 484.84053 
8.876084 6.615504 8.032864 356.63276 5es29 256.05207 
@.93869060 0.3826227 8.603658 273.354559 Deoco 275.34896 
8.898688 G.8g25575 3.604625 ZV6s20775 5.529 216.28718 
6.186088 8.031539 0.855784 l7Se5e6235 3529 17S. Ses60 





TABLE GS. SOLUTION CF RELIABILITY INDICES FOR SINGLE GENERATOR 


cisne 8.31 mutss) voried 
CONE STATE ENVIPONMENT: 
2257 EXP. Cow FAILURES MEAN MEAN MEAN 
PARAMETE? TiMZ, YEAR BRE DUENCY YCLE TIME DOWN TIME UP TIME 
muss) HESS (+ YEAR) t YEASS } ( HOURS ) ( YEARS ) 
18.35S8312 Y.BIececs Yr evscse4 '$1.63709 Sioa 181.0356 
20.1723801 aece71Sss 8.688518 181.80145 Seam 181.50081 
2o.94SsS2 we Sese. @.Q85498 US leSssees S25e% 181.88951 
oso enosS SMES BOd abebor, 0 AGS4BE 162-2205 5.574 1862.21391 
25.07 4474 B-uszese7 8.085479 182.594660 5.coe 182.50597 
Z2in.ceeecos 8.856451 @.005472 2s 51 me seed 3 Lear oeo7 
2ee5ee OG 0.956359 @.@88465 182.96899 5.555 182.96736 
Sie e; Geers. 6.035466 183.125962 5.548 183.15899 
35.810938 8.e5e@TZ @.8058455 1le37s9_0 pees a 1583-32007 
34 843929 0.026169 8.605458 1863.48309 pa | 183.48246 
36.677872 8.634111 0.005446 183.62690 5.529 183.628627 
TWO-STATE ENVIRONMENT: x = 9.20 
TEST EXP. DOWN FAILURE MEAN MEAN MEAN 
PARAMETER TIME /YEAR FREQUENCY CYCLE TIME DOWN TIME UP TIME 
mu(ss) ( HOURS ) (1/YEAR) ( YEARS ) ( HOURS ) ( YEARS ) 
T6.528919 0.830901 So OGa5, + 181.@2392 5.594 18102328 
2¢6.172891 8.830786 8.005510 181.48788 5.587 181.48724 
22.806692 @.039684 9.895498 181.87634 57561 181.87571 
23.840583 @.930593 @.085488 162.c0655 5578 182,205 7 1 
75.616474 8.030519 4.095486 182.49017 5900 182.48953 
27.S5€825S Q@.Q38433 0.0¢2472 182.73686 po eps =| 13257560. 5 
2a. je22eo Q@.252362 Q.0668456 1822-95326 5.535 182.95263 
ah ie reise Q@.832295 €.@85460 183.14462 S:s26 183.143599 
32.0122832 O.839252 9.9@8455 123.3) 596 5 oar 183.31443 
34.8435929 Q.95¢172 Q@.095451 183.46782 5.550 183.46719 
36.57782a QAQswajyia A QAZ4456 123 e¢cs2 Deece. 123.6a489 
TWO—STATE ENVIRONMENT: » = 6.88 
TEST EXP. DOWN FAILURE MEAN MEAN MEAN 
PARAMETER TIME /YEAR FREQUENCY CYCLE TIME DOWN TIME UP TIME 
mu(ss) ( HOURS ) (1/YEAR)  ( YEARS ) ( HOURS ) ( YEARS ) 
18.3383919 3.936939 Q@.405531 180.80253 5.594 188.838190 
20.172891 Q.935622 @.8005517 181.26017 5.567 181.25953 
22.666692 @ @3e72+ 6 635565 181764554 SS) qralte) L 181.64276 
20. o-9585 8.936635 8.635495 181.96835 5.574 181.95821 
cosorees 4 2926551 @ Q45487 182.04881 a}. Balayts: 1182-24616 
27.528555 Gears 7 5 0.655456 1827.492136 5.560 182.49153 
29.342256 8.436464 Q@.8@5473 182.70564 5. 555 182.70501 
31.176147 Gale 5535 6.695468 182.89443 §.549 182.8938a 
33.916038 MW S3sUr75 4 095465 183.66259 5 See 183.06196 
34 343329 G@ 8S@215 @ 885458 pete RSI ed 5.556 183.21269 
36.677824 @ 330153 @.885454 183.3492@ eb es 183:.5485/7 





TABLE 4. 


aipnae = 


CNE STATE ENVIPONMENT: 


ae 
PARAME:EF 
Mmutss) 


a3 2h ge) 
.677826 


EXP. DCWN 


TIME “YEAR 


CeCuRS ) 


200318 
-B@8S16 
C6037 0 
800311 
808399 
808398 
-800306 
8.800504 
8.800303 
0.800502 
8.000301 


QOodooosd ® & 


TWO-STATE ENVIRONMENT: 


TEST 
PARAMETER 
muss) ( 


mem ce ec ew we ee ew rw we ee ew ew ii ee i 


18.338916 
280.172891 
22.8086692 
23.840583 
25.674474 
<7.508365 
29.342256 
SUV IG lian 7 
33 410038 
34.645525 


356.677828 


EXP. DOWN 


TIME/YEAR 
HOURS ) 


8.880519 
2.800516 
8.000515 
9.000311 
8.800309 
8.009308 
8.800506 
8.090505 
8.BNAZA03 
d.08050Z2 
8.000301 


TWO-STATE ENVIRONMENT: 


Est 
PARAMETER 
mu(ss) 


18.538916 
29.172801 
22.606692 
25.849E83 
25 5674474 
27.568365 
22332256 
Sima ves 7 
33 318638 
34.8423929 
36.677820 


EXP. DOWN 
TIME/YEAR 


( HOURS ) 


cme cmc ce cr ec a ec ce ww cm rr ce ew mm me rw ec i sas Ss se a ee ee 


9.866322 
@.9826319 
6.@60316 
@.90@0314 
8.449312 
8.009311 
8.688309 
9.900308 
8.680306 
6.880305 
@.0@86364 


@.01 


SOLUTION OF RELIABILITY INDICES FOR 
mu(ss) VARIED 


DUAL GENERATOR 


FAILURE MEAN MEAN MOAN 

Pie Ui ery Ses TNS DOWN TIME UP “IME 

(1 “YEAR) 1 YEARS ) ( mnOURS ) ~~ ( YEARS } 
B.@eG@058 17364.452173 S529 1756425 152 
@.8@@8@57 17473.78462 5516 17472.783298 
0.640657 **7365.78154 Sats 17es68.78e9 1 
B.0C0057 17644 26247 5.491 17544.26185 
8.900@56 17712.96016 2 5.478 17717.8@ea99 
6.000956 17771.86239 5.466 17771.06196 
0.066056 17823.01243 5S, ASD) lv ecoeinte | 
8.660056 17869.06217 5.441 17869.06154 
8.600056 17918.16265 S479 17916,16263 
6666856 17947 07687 5.416 17947.807825 
8.08088056 17986.39697 5.404 179880.39635 
x = 8.26 

FAILURE MEAN MEAN MEAN 

FREQUENCY CYCLE TIME DOWN TIME UP TIME 

(1/YEAR) ( YEARS ) ( HOURS ) ( YEARS ) 

6.609658 17354.35471 a2) 175504. oo408 
6.608857 17463.53553 S516 17465.55490 
6.208657 17555.48565 Besos i7S55249502 
6.600657 17633,77989 Seeol 17695.77917 
Q0.0800G56 17701.42755 5.478 177861.42692 
8.808256 17769.40972 5.466 177668.4091@ 
86.800056 17812.29128 Sap 1celZ.2sers 
0.08@656 17858.28112 5.441 17858.286586 
A AAAASH 178990 3707 § 429 172909 532825 
0.000950 179350.15805i 5.410 i17950.i1501S 
8.800856 17969.47599 5.404 17969.47537 
x = 6.86 

FAILURE MEAN MEAN MEAN 

FREQUENCY CYCLE TIME DOWN TIME UP TIME 

(1/YEAR) YEARS ) (HOURS) ( YEARS ) 
86666058 17193.77563 S529 17193.7/75e6 
6000058 17386.57984 §.516 17300.57841 
8.009658 17399.46383 5.5604 17398.463280 
8.639057 17467.15986 Sisal 17467,15558 
8460057 17533.37266 S479 17553.0/2.04 
0.008057 17591.11878 5.466 1759917.071815 
9.806057 17641.92696 5.454 17641.92634 
8.860G57 17686.97983 5.442 17686.97921 
@0@8656 17727.268288 Ch PAS) YH Bi 26 7 BIS) PAS: 
6 688656 17763.33592 Seal Joss e 
6804056 17795.97393 si ClSIS) TU e/ 7/ ial) 7/ Sis 





Tague 5. SCLUTION OF PELIASILITY INDICES FOR SINGLE GENERATOR 
aitha = 9.@5 mu(ss) VARIED 





Ree Ene Vowel FAILURE MEAN MEAN MEAN 
FARAME == TIME VEAR FRECUENCY CYCLE TIME DOWN TIME UP T'ME 
mutss) ( SOURS (esr) (YEARS } ("OQURS } ( YEARS ) 

Tegsase io See aie @.2275-9 36.25954 5.594 56,258790 

20.1725¢e1 OrteSets 9.027511 36.3485) 5.507 36.34787 

22.00@86S2 9.153719 O.G27455 3G. 42517 mood SG 2255 

Sa eseces @.1527764 Q.927427 36.48659 5.574 36.48596 

TE.674474 O-TE236E @.9273566 36.54114 5.568 2§.54051 

2f,se2se5 9.151994 9.827331 36 S500 oko ty 36.88792 

73.5342236 0.157645 9.92730e 3E.650i14 cielo: 5602251 

31.1745 47 O.151537 8.027273 36.66692 5.548 36.5662 

33.916838 9.151006 9.027248 36.69968 5,542 36.69964 

34.843929 9.150711 0.827226 36.72984 5,555 36.72840 

36.677820 6.158428 9.927207 36.75550 S529 36.75487 
TWO-STATE ENVIRONMENT: x = 8.26 

TEST EXP. DOWN FAILURE MEAN MEAN MEAN 
PARAMETER  TIME/YEAR FREQUENCY CYCLE TIME DOWN TiME ~~ UP TIME 
mu(ss) ( HOURS ) (1/YEAR) ( YEARS ) ( HOURS ) ( YEARS ) 

18.338910 9.154237 9.827573 36.26730 5.594 36.26666 

20.172891 9.153679 6.827505 36.35644 chess 56,52599 

22.995692 O-1o5125 9.027449 36.43108 5551 36.43044 

23.849583 9.152741 @.@274231 36 49449 5.574 36.49385 

25,6527 5 Be 2e2ts @.027361 36.5402 5.568 56554655 

215835505 8.151961 CiW2tses 36.59642 = 20 S6.59s7 

239.342256 OA1Sie12 9.927294 36.63799 Soil. 36.63756 

31,175147 9.151284 @.6@27267 26.67476 5.548 36.67413 

33.012¢38 9.158974 @.827242 36.70751 Sposa 36.72688 

34 843929 a.t5"679 4427221 36 73686 5335 36-735623 

36.477820 8.150396 2.627291 36.70557 5.529 36.76269 
TWO-STATE ENVIRONMENT: x = 8.80 

TEST, EXP. DOWN FAILURE. MEAN MEAN MEAN 
PARAMETER TIME/YEAR FREQUENCY CYCLE TIME DOWN TIME UP TIME 
mu(ss)} ( SOURS ) (1/YEAR) ( YEARS ) ( HOURS ) ( YEARS ) 

18.338919 B5a7 11 8.927479 36.39142 5.594 36.39878 

20.1728@1 9.155158 @.8627412 36.48816 eas) of) 36.47953 

22.6684S2 6.152669 6.627356 36.55447 5.581 So-39a05 

23.840583 GAls22>8 @.627309 36.61759 5.574 36.61695 

25 &74474 9.151826 @.B82726S Sc-o7 168 = Ge 36.57124 

7.568565 6.151464 OOo aos 36.71967 5.501 36.771845 

eS Bf tare) 0.151148 6.827263 36.76047 5.555 36.75984 

4.176147 @.15a783 9.827176 36.7978 5.548 36.79645 

33.012038 6.150475 @.027152 36.82969 5.542 36.82996 

34.843929 8.150182 9.877136 36.85893 5.536 36.85829 

36.577820 9.149961 9 977111 Sigue ios ras S329 36.88465 





TABLE 6. SOLUTION OF RELIABILITY INDICES FOR DUAL GENERATOR 


aloha = 8.05 mu(ss) VARIED 


ONE STATE ENVIRONMENT. 


ot ExP. OCWN FAILURE MEAN MEAN MEAN 
PARAMETE> TIME /YEAR EresweNG “GYCLE TIME DOWN TIME UP TIME 
mulss) f HOURS } (1 7YEAPR) YEARS ) { HOURS 5 (| YEARS ) 
Ve.came tO B.9e7EST9 @.841454 G76 2957.1 S7£°9 627.29188 
~O.1 meeO1 2.027864 a.087226 701.46885 S52) 6 7Oleeoole 
a-2@66S2 4.007807 9.401418 704.98278 Joos 764.98216 
So eeeoe Ss 6.607756 8.801477 707.¢7988 5.491 707.37918 
Eovay +7 4 8.007716 2.861467 PAG she 12 5.478 7718.56549 
Leese S 0.367658 8.981403 712.8267 1 5.466 TIC. B2BO9 
Se354>. =5 B.da7E2¢S 9.881359 714.80554 5.453 paseo ot 
Slee. la7 @ 6n7595 B.281596 716.56692 5.441 716.56030 
335.8019€38 0.8G755S 8.281393 718:12922 5.429 718.128696 
34.843929 8.607527 6.081399 719.5357 358 5.416 719.5.5676 
36.677820 @.867497 8.601387 720.80873 5.404 728.8081 1 
TWO-STATE ENVIRONMENT: x = 8.20 
TEST EXP. DOWN FAILURE MEAN MEAN MEAN 
PARAMETER TIME/YEAR FREQUENCY CYCLE TIME DOWN TIME UP TIME 
mu(3s ( HOURS ) (1/YEAR)  ( YEARS ) ( HOURS ) ( YEARS ) 
18.3382910 8.987929 8.001434 697.29225 5.529 697.29160 
20.172801 @.86907864 8.001426 701.467988 Seoue 701.46645 
22.8026692 8.007807 6.681418 7@4.97989 5.504 704.97846 
23.840583 8.067756 8.081412 787.97458 §.491 787.97387 
25.674474 8.907718 8.001407 710:55942 5.478 710.55880 
Zi.aueseo 0.607668 8.601403 712.81284 5.466 TAZ28 221 
2$.342256 6.00762S 8.681399 714.79463 §.455 714.739491 
ST Tera 0.007593 8.601596 I1Geco tl 5.441 716.535@49 
33.010038 8.807552 8.961393 718.11862 5.429 718.118091 
24.242929 Ecc. sce Cicouooe Fk Bisa Tels Pagsieae s 
36.677820 8.007497 6.001387 720.79685 5.434 720.796235 
TWO-STATE ENVIRONMENT: x = 8.80 
TEST EXP. DOWN FAILURE MEAN MEAN MEAN 
PARAMETER TIME/YEAR FREQUENCY CYCLE TIME DOWN TIME UP TIME 
mu(ss) ( HOURS ) (1/YEAR) ( YEARS ) ( HOURS ) ( YEARS ) 
18.538918 8.007930 9.691434 697.2 7079 5.529 697.25566 
20.172801 6.007865 8.001426 781.39499 3515 7801.39436 
22.606692 6.007868 6.601419 764.87674 5.504 764.87612 
23.848@583 8.837757 6.601413 7807.84560 5.491 767.84597 
25.674474 8.047712 8.481468 716.48969 545 713.4390a6 
21-508565 2.897670 8.681403 712.644329 5.466 712.64367 
22738222 8.297631 4.801399 714 60986 2459 714.66924 
S12) 20 ta] @.0975$5 8.061396 7VO-So2 17 5.441 TAGS oo 
33.019638 @ 607562 8.001393 Jac 2OF ZS 5.429 717.96666 
34.843929 6.067538 8.881396 719.30385 §.416 749.3052 
36.677820 8.607580 @.80901388 728.565903 5.404 726.56441 





eS ay SOLUTION OF RELIABILITY INDICES FOR SINGLE GENE2ATOR 








aiphe = @.10 mu(ss} VARIED 
ONE STATE ENVIRONMENT: 

FS EXP. DOWN FAILURE MEAN MEAN MESN 
PORAMETES TIiMe “YEAR Eee NC) CYCLE TIME DOWN TIME LE TiME 
muissi ( #6U2ZS 5 (i/YEAR, ( YEARS } { HQuUrPS } | YEAFS 

Veccese 1A 3.508 E35 “eesti 52, {S542 Sco ice oe 

pals hes @.367@12 2.254569 Mest Se7 = anal 18.1986S 

2c.Beesgt 8.36859 6.854842 Vé7co20°5 Siero al 16.cac4¢6 

73.84@5835 @.585199 0.¢547=5° 7§.26414 wore tee soce 

CS.67447 4 @.304413 2.654575 1€.228998 Sagat io. eso 

vy fs oo Se J.39g56c6 9.255688 1c. 2 == re ee = hi lgeoic oe 

2$.342°56 6.383007 6.854549 18:35212 5.520 ToneoN a 

Ss1-175147 6.302368 0.054497 18.34956 5.548 18.54893 

33.8010038 8.381762 6.054451 18.3658 ea es 4 18.36445 

34.843923 @.301184 6.053410 18.37899 = (es IS | 15257556 

36.677828 8.300631 0.054373 18.39152 a5929 18.39689 
TWO—STATE ENVIRONMENT: = SS 6) 

TEST EXP DOWN FAILURE MEAN MEAN MEAN 
PARAMETER TIME/YEAR FREQUENCY CYCLE TIME DOWN TIME UP TIME 
MU(SS) ( HOURS ) (1/YEAR) ( YEARS ) ( HOURS ) ( YEARS ) 

18.338918 6.388806 8.055062 18.16120 5.594 18.16054 

20.172801 6.306933 6.054935 18.28343 ee iot 18.20280 

22.606692 6.385988 0.054828 18.23879 S35) 18223816 

23.840583 6.305121 6.054728 18.26883 5.57 4 1e.2587 

25.674474 8.304335 6.054461 18.29467 ss erehoys: 18.29403 

2).5065605 0.303608 6.084594 18230202 §.561 18.31449 

29.342756 0.382930 0.854535 lecouecs 559 18.3536 °9 

31.176147 O.se2291 0.054483 1Gjoee2 4 5.548 132 So eon 

33.8016058 6.301685 0.254437 18.36975 S542 18.36812 

a47245020 eee rTee @ O54 206 bce ehcted ot 25 1838203 

36.677820 6.3e0555 0.054235 18.39619 S229 ie -oSSo0 
TWO-STATE ENVIRONMENT: x = 8.88 

TEST EXP. DOWN FAILURE MEAN MEAN MEAN 
PARAMETER TIME /YEAR FREQUENCY CYCLE TIME DOWN TIME UP TIME 
mu($ss) ( HOURS ) (1/YEAR) ( YEARS ) ( HOURS ) ( YEARS ) 

18.338910 8.386759 8.654339 18. 23505 5.594 18.235441 

20.172801 6.305695 4.654713 18.27714 Sea07 18327650 

22.696492 8.304751 6.45468 18,5 123538 S235 1 (Seats 

23.840585 8.303899 8.254519 VG.oecoc =e rae 18.34168 

25.674474 4.363119 6.054442 18.368607 5.3568 18.36744 

-7.508365 6.382398 9.654376 18.39045 Sean 18.5898. 

29; deecoo 3.301725 @.8054318 18.41¢689 Es Pe ie 18.40946 

Site lenses, 9.301891 @.654267 18.42746 5.548 18.42682 

33.8188638 G6 3964930 4.654221 18.44292 aoe 18.44229 

54.843929 8.299917 @.654181 18.35679 Steere 18.45616 

36.677828 9.299367 6.054144 '18.36929 5o29 18.46866 





TABLE 8. SCLUTION OF RELIABILITY INDICES FOR 


slpho = 6.18 Mulss) VAnICO 


DUAL GENEFATOR 


ONE STATE ENVISONMENT: 


TEST EXP. DOWN FAILURE MEAN MEAN MEAN 
PARAMETER TIME /“EAR FRECUENCY CYCLE TIME SOWN TIME UP TIME 
muiss) i HOURS ; wey cae | YEARS ‘ HOURS ( TEARS } 

18.338918 9.23°584 9.005712 12 S.05580 fice So Peowoct 

26.1728@1 8.831356 3.0@56351 17S.@3$45 Sens 176.09852 

22.2866S2 9.831117 8.085554 IF6ce a5 0.7 5.504 176 :35Sc4 

ac. O88505 OB 38925 Q@.285552 Bray Ps Fal bo Fe) 53.491 le 7 50993 

25.674476 2.059747 5 Ago hey oi 6 178.1785 2.478 Le Ocler oe 

Pigg Bea (2) o'er oles 9.230585 6.885596 178.798+46 5.466 ire a7 Gs 

292942256 0.959436 2.685581 gee el EF i So a lmSel2 ose 

wt 7o 147 @.950297 @.205558 179.58 734 S.443 $79.58672 

33,816838 8.830166 0.005557 179.95588@ 5.429 179.95518 

34.843929 8.030943 @.605547 180.28659 5.416 189.28597 

36.677820 8.029925 0.085538 188.5852 1 5.404 180.58460 
TWO-STATE ENVIRONMENT: x = 0.20 

Test EXP. DOWN FAILURE MEAN MEAN MEAN 
PARAMETER TIME/YEAR FREQUENCY CYCLE TIME DOWN TIME UP TIME 
rmu(ss) ( HOURS ) (1/YEAR) ( YEARS )} ( HOURS ) ( YEARS ) 

18.338910 0.031582 @.805712 Wa? 216 229 175.907155 

evel Ze01 0.431333 0.085680 176.65443 D-o0'6 176.805386 

22.0@6692 Oa51i15 0.805654 176.88659 5.504 176.87S87 

235.846585 2.939928 8.005531 177.58488 5.491 177.58425 

~8.574474 8.039744 @.805612 78219261 oe ori IFEN91239 

212s Beses @.830583 0.035525 Wee 251 5.466 iWeo72iss 

2esgeS 56 9.0304+3+ OB. eOsssl 179.18808 Ss es fe, 173.1874 

Stslgorey $.0350295 8.065558 179.6@@34 5.443 179.680022 

Gere oeese 2.932154 2 CeSaa: 179.96915 Sea de eg ch chose: 

34.845929 8.232041 8.905546 180.29581 5.416 188.29970 

=3.677826 @.829923 @.0@8537 Lew con oS 5.464 Pee 597911 
TWO-STATE ENVIRONMENT: x = 8.60 

TEST EXP. DOWN FAILURE MEAN MEAN MEAN 
PARAMETER TIME /YEAR FREGCUENCY CYCLE TIME DOWN TIME UP TIME 
mu(ss ( HOURS ) (1/YEAR) ( YEARS )} ( HOURS ) ( YEARS ) 

18.53691¢ 0.031559 6.605764 Mis 30625 S529 175.36560 

28.172801 C.0a-299 6.805673 176.28179 SoG 176.28:11:6 

22.096692 6.031076 8.005646 177.10226 5.504 177.16163 

23.8405€ 8.803¢883 @.905624 177.86191 5.491 177.88129 

25.674274 4.030798 6.065635 178.40560 Date 178.48497 

ey 2eGooS 8.033547 6.805589 178.93182 5.466 178.$3120 

23.342255 8.033399 8.905574 179.39460 5.453 179.39398 

31.176147 SIL oie 1 pial o 8.905562 179.80474 5.441 179.80412 

33.861¢638 6.036131 6.605559 186.170678 Sua2 2 186.17616 

34.843929 0.9328638 6.005544 18@.49944 5.416 188.49883 

sso 722 @.829931 8.605531 189.79621 5.404 180.79559 
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APPENDIX 
A fortran coded program for the solution of five key reliability 
measures follows. These measures can be solved on a repeated basis 


while varying a selected input parameter. Program comments provide 


jnzormétion regarding data input. A sample data input file for the 
single engine, two-state environment (x = 0.20) is provided at the end 


of the program. Equations (1) - (7) were implemented within the program. 


Qa AN OOO GOOG @ QQ) 2 @G @ GG GOGO) 61 GOS Oe OOOO OO OOOO @@@1@1aeaLe 


aan 


aan 


ae CALCULATION OF RELIABILITY INDICES FOR * ¢ 
sed EMERGENCY AND STAND-BY POWER SYSTEMS es 


FUNCTION: PROGRAM WILL PERFORM. AS DESIRED, EITHER A ONE TIME CAL— 
CULATION OF RELIABILITY INDICES FOR A SYSTEM BASED ON DATA 
AVAILABLE FROM THE SYSTEM’S STATE TRANSITION DIAGRAM OR WILL 
REPETITIVELY COMPUTE THESE INDICES WHILE VARYING A SELECTED 
TRANSITION RATE OR COEFFICIENT OVER A SPECIFIED RANGE 


DATA INPUT REQUIREMENTS: 


A) FIRST DATA ENTRY IS : (INTEGER) 
O(ZERO) => iF ONE TIME COMPUTATION DESIRED 
1 => IF REPEAT COMPUTATIONS DESIRED 
NOTE(1}: IF ZERO(6) IS ENTERED THEN DATA INPUT STEP(F) MUST BE 
SKIPPED. 
5) NUMBER OF SYSTEM STATES (INTEGER) 
C) NUMBER OF CISTINCT TRANSITION RATES AND TRANSITION RATE 
CCE FICiENTS ~NITEGES). 
NOTE 7)) eee << MUST COUNT 1.6 AS DISTINCT COEFFICIENT >> «es 
Niro, oc) IF TRE PROSABILISIIC COMPLEMENT OF & COEFFICIENT I§ TO 
@e YSE0, THE COMPLEMENT NEED NOT SE COUNTED (IT WILL SE INDICATED 
USING A MINUS SIGN IN INPUT STEP(G)). 
TOTAL NUMBE= OF TRANSITIONS BETWEEN STATES (INTEGER) 
} DISTINCT TRANSITION 2ATES AND CCEFFICIENTS: (1),(i} 
‘) INPUT SFDE? NUMBEF (INTEGER) 
it) TBANSITICN RATE IN UNITS OF 1 /YEAR OR UNITLESS COEFFICIENT 
(REALS. 
NGTE 1) THE FiPSi ENTRY MUST GE THE COEFFICIENT 1.6. 
F) REPETITION CONTROL 
IF INPUT STEP(A) IS 1, THEN ENTER: (i). (ii). Gi) 
i) THE NUMBE? OF THE PARAMETER (TRANSITION PATE GR COEFFICIENT) 
TO SE VARIES (INTEGER) 
ii) INCREMENT BY WHICH IT IS 7O BE VARIED (REAL) 
ti) MAXIMUM VALUE FOR PARAMETER (REAL) 
NOTE(1): MINIMUM VALUE OF THE PARAMETER IS ENTERED AS THE VALUE IN 
STEP(E). 
NOTE(2): SKIP THIS STEP IF STEP(A) INPUT IS ZERO(9). 
TRANSITIONS: (i), (ii), Gil), (iv), (v) 
i) START STATE (INTEGER) 
ii) END STATE (INTEGER) 
iii) TRANSITION RATE NUMBER (INTEGER) — CORRESPONDING TO NUMERICAL 
CROER PATES WERE ENTERED EARLIER 
iv) FIPST COEFFICIENT NUMBER (INTEGER) — INDICATE PROBABILISTIC 
COMPLEMENT OF COEFFICIENT BY PLACING NEGATIVE SIGN IN FRONT 
OF THIS NUMBER. 
V) SECOND CDEFFICIENT NUMBER (INTEGER) -— INDICATE COMPLEMENT IN 
SIMILAR MANNER 
rH) NUMBER OF FAILURE STATES (INTEGER) 
1) LIST OF FAILURE STATES SY STATE NUMBER (INTEGERS) 


OTe), 


G 


— 


IMPLICIT FEALsE(A—r 0-7), INTEGEP(I-N) 
FEALSe TEC(TA), 3(40,48), P(40), 274(40,9@), 
*TEMP(42), SINV(+2,40) 
INTEGES FS(4A) Eulaa) JSTPTCIBA), JEND(1AQ), 
*eyTN( 190), JCONIL 198), SCN2(1G0) 
CPEN (UNIT=1, FILE="PELOUT.OAT’. STATUS='NEW’) 
CPEN (UNIT=2, FILE="RELIN.DAT’, STATUS=’OLD’) 
WRITE (1,12) 
10 FORMAT (//,1X, “SOLUTION OF RELIABILITY INDICES FOR ___ ee ’ //) 


- — — INITIALIZE TRANSITION RATE MATRIX (B—MATRIX) 


DO 26 K=1,NS 
DO 298 L=1,NS 
B(K.L) = 6.6 
2@ CONTINUE 


—- — — READ IN DATA 


READ (2,¢) IFLAG,NS,NTRC,NT 
READ (2,¢) (M.TRC(I1),t=1,NTRC) 
IF (IFLAG.EO.1) TREN 
READ (2.*) NVAR,H,PARMAX 
ENDIF 
READ (2.°) (VSTFT(I) JEND(1),JTN(1), JON 1(1), JCN2(1),1= 1 NT) 
READ (2.5) NFAIL 
READ (2.¢) (FS(I),J=1,.NFAIL) 


—- — — PRINT OUTPUT HEADER 


IF (IFLAG.£0.6) THEN 
WRITE (1,23) 

23 FORMAT (2X,’°EXPECTED DOWN’,6X,’FAILURE’,5SX,3(5X,’MEAN’,6X), 
*/,2X, TIME PER YEAR’,5SX."FREQUENCY’,6X,°CYCLE TIME’,6X, 
*"DOWN TIME’,7X,’UP TIME’./,4X,°( HOURS )’,8X,°(1/YEAR)’.4X, 
54 (rears) 5%,5%, ( HOURS )°,3X,3X.’( YEARS )°.3X, 


+7, 00s )i//) 
ELSE 
WRITE (1,27) 


27 FORMAT (5X,‘TEST’,7X,"EXP. DOWN’,6X,’FAILURE’,3X, 
°3(4X,'MEAN’,5X),/,3X, PARAMETER’, 4X, TIME/YEAR’,5X, 
e’FREQUENCY’,3X,’°CYCLE TIME’,4X,°DOWN TIME’,4X,°UP TIME’, 





*/,16X.°( HOURS )°,6X,°(1/YEAR)’,2X.2X,"( YEARS )°,2X, 
*2X,°( HOURS )°,2X,2X,°( YEARS )°,2x,/,88('-').//) 


ENDIF 
c 
C —- ~ — FORMULATION OF TRANSITION RATE MATRIX (B-MATRIX) 
C 


38 00 35 I=1,NT 
IF (JCN1(1).LT.8) THEN 


JCMPL = -JCN1(1) 
CCEFF1 = 1.6 — TRC(JCMPL) 
ELSE 
CGerrl = I8CUICNI()) 
ENDIF 


IF (JCN2(i).LT.0) TREN 
SCMPL = ~JCN2(}) 


GGerFo = 1.0 — TRC(JCMPL) 
SL Se 
COESFS = “RC(JCN2())) 
ENOCIF 


B(JEND(I)JSTA I) = TRE(JIN(I)) « COEFF « COEFF2 
oS CONTINUE 
OC 46 i=1.NS 
SS eS 
oe) 43 
ee 
Sl = ei,! 


29 CONTINUE 


| SAVE SCW 1 UN "EMPCRARY ARRAY ) 


oan 


GO $@ l=1.NS 
TEMP{I) = 8(7,1) 
S(1,1) = 1.8 

5@ CONTINUE 


- —- — INVERT B—MATRIX 


QaG@aG) 


NP = NS + NS 
CALL MATINV(NS,NP,5,BINV,ZA) 


— — — COMPUTATION OF STEADY STATE PROBABILITY VECTOR (R-VECTOR) 


RM) (ING: 


DO 66 I=1.NS 
P(!) = SINV(I,1) 
68 CONTINUE 


~ — — RESTORE ORIGINAL TRANSITION RATE MATRIX (B—MATRIX) 


om sii @) 


DO 76 I=1,NS 
B(1.1) = TEMP(I) 
78 CONTINUE 


ec cee cm ce ce ee ee eee ce er ec wc ec er ee me ea as a ee 


*ss COMPUTATION OF RELIABILITY INDICES «ss 


—- —~ ~— FORMULATION OF FAILURE MODE VECTOR (FM-—VECTOR) 


AG ) (@) (I) (oe 


YTH = 8766.2 
DO 89 1=1,NS 
FM(l) = @ 

88 CONTINUE 
DO 99 t=1,NFAIL 
K = FS(l) 
FM{K) = 1 
96 CONTINUE 


- —- -—<<< EXPECTED DOWN TIME PER YEAR (HOURS) >>> 


R219) (2, 


PF = 6.9 
DO 136 I1=1,NS 
IF (FM(1).€0.1) THEN 
PF = PF + P(I) 
ENDIF 
166 CONTINUE 


— ~ ~<<< FAILURE FREQUENCY OF SYSTEM (FF) >>> 


(@) (G2 


FF = 9.9 
DO 128 l=1,NS 
IF (FM(Il).€0.8) THEN 
SUM = 6.9 
DO 119 J=1,NS 
IF CFM(J).E0O.1) THEN 
SUM = SUM + B(J,I) 
ENDIF 
116 CONTINUE 
FF = FF + P(I)*SUM 
ENDIF 
128 CONTINUE 
Cc 
C —- — ~<<< MEAN CYCLE TIME (TF) / MEAN DOWN TIME (DF) / MEAN UP TIME (DU) >>> 





DU = TF — OF 


Cc 
C----- — - 2 on na a nn nr a a a ee ee 
(e ea 
C «* OUTPUT «« 
c 
PE = FPReYTH 
[es Oe & TF = TFeYTH 
DF = DOF*YTH 
CEC DU = DUsYTH 


IF (1FLAG.E0.1) THEN 
WRITE (1,138) TRC(NVAR),PF,FF,TF.OF,DU 
134 POR MSI C1 x25F 15.6,F 13.5,F 13.3.F 73-5) 
IF (TRC(NVAR).LT.PARMAX) THEN 
TRC{NVAR) = TRC(NVAR) + H 


GOTO 32 
ENDIF 
ELSE 
WRITE (1,140) PF,FF,TF.OF.Ou 
148 BomMal (1xAccr 16.5,F 15.5.6 13.5,F 13.5 
ENDIF 
ie 
=ND 
C—-—----—-— — — — — + — — — - — — 
c 
SUBFOUTINE MATINV(N,NP,A.AI,~A) 
c 
Cw Nore: N = DIMENSION CF MATRIX TO SE INVERTED ( LESS THAN OR 
Ec EQUAL TO DIMENSION CF MATRIX AS SPECIFIED IN TRE 
e DIMENSION STATEMENT OF THE CALLING FPOGRAM ) 
C 
Cc NP = 2sN 
c 
Cc A = MATRIX TO BE INVERTED 
c 
C Al = INVERTED MATRIX 
6: 
c ZA = DUMMY ARRAY 
c 
REAL*8 A(46,40),2A(48,86),Ai(40,40) 
REAL*8 ALFA,BETA 
DO 26 l=1,N 
DO 24 J=1,N 
ZAC.) = A(I,J) 
NJ =N + J 
24 ZA(ILNJ) = 9.0 
NI=N + | 
26 ZACI,NI) = 1.8 
00 111 IR = 1.N 
IF (DABS(ZACIR,IR)).LT.1.€—20)THEN 
DO IROW=1,N 
IF(DASS(ZA(IROW,IP)).GE.1.E—- 29) THEN 
DO 1G NeP 
ZACUIR,IC) = ZACIR,IC) + ZACIROW,IC) 
EDO 
GO1On1 19 
END: IP 
END DO 
60 10 35 
END IF 
111 CONTINUE 
c 
C sees SET MAIN DIAGONAL ELEMENT TO UNITY AFTER 
C eeee TESTING FOR ZERO VALUE 
Cc 


DO 12 1=1,N 
ALPHA = ZA(I,I) 


C IF(DABS(ALPHA).LT.1.E-—20)GO TO 35 
DO 5 J=1,NP 
5 ZA(1.J) = ZA(IJ)/ALPHA 
ce 
C sess SET THE ELEMENTS CF THE ITH COLUMN TO ZERO 
C 
DONT K=1N 
IF (K-1)8,11,8 
8 BETA = Z2A(K,I) 
DO 1@ J=I,NP 
18 ZA(K,J) = ZA(K,J) — BETA « ZA(I,J) 
11 CONTINUE 
12 CONTINUE 
DO Ss J=1,N 
JN=J5S +N 
00 33 1=1.N 
aS Al(i,J) = ZACLJN) 
RETURN 
c 
C sses PRINT ERROR MESSAGE IF METHOD FAILS 
Si PRINT #,'s2s¢> MAIN DIAGONAL ELEMENT IS ZERO *e#e2>’ 
RETURN 


END 
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